Research
The heavy metal cadmium (Cd) is a com mon environmental pollutant associated with many modern industrial processes. Exposure to this toxicant is usually the result of environ mental contamination by waste from human activities, such as the residues found in min ing waste, those released by the combustion of fossil fuels and industry, and the runoff from agricultural land (Martelli et al. 2006; Nordberg et al. 1992) . Cd occurs in nature at low concentrations; however, its widespread occurrence means that it is present in almost everything that we eat, drink, and breathe (Henson and Chedrese 2004; Thompson and Bannigan 2008) . The estimated dietary Cd intake in European countries is 10-30 µg/ day (Nasreddine and ParentMassin 2002) . Tobacco smoke is one of the most common sources of Cd contamination in the gen eral population (Nandi et al. 1969; Zenzes et al. 1995) , with an estimated assimilation of 0.2-1.0 µg Cd/cigarette (Elinder et al. 1983; Lewis 1972; Satarug and Moore 2004) . Cd has a very long biological halflife of 15-30 years (Henson and Chedrese 2004) , primarily because of its low rate of excre tion from the body, and accumulates over time in the blood, kidney, and liver, where it has numerous undesirable effects on health. In addition, a wide spectrum of deleterious effects on reproductive tissues has also been described (Henson and Chedrese 2004; Piasek and Laskey 1994; Tam and Liu 1985) .
Because of its effects on gametogenesis and steroido genesis, Cd is detrimental to both male and female gonads in adults. Such gonadal alterations have been reported in a variety of animal models, particularly rats and sheep. Male rats have been shown to develop rapid and longlasting damage in the tes tes after administration of high doses of Cd (ElAshmawy and Youssef 1999; Kotsonis and Klaassen 1977) . In another study, testicular morphology was greatly altered 3 months after initial Cd exposure, with degenerated semi niferous tubules, abnormal Leydig cells, fibro sis, and reduced testicular size (Niewenhuis 1980) . Repeated injections of low doses of Cd also impair spermato genesis. Furthermore, evi dence suggests that Cd alters all testicular germ cell populations. This includes a decrease in the number of spermatogonia and spermatocytes (Aoyagi et al. 2002; Zhou et al. 2004) , failure in spermiation (Hew et al. 1993) , and com promised viability of spermatozoa (Leoni et al. 2002) . Moreover, in vitro studies have shown that Cd induces ovine gamete dysfunction. Indeed, 20 µM Cd significantly decreased the viability of spermatozoa, and 2 µM Cd affected their physiologic function (Leoni et al. 2002) . Other studies have suggested that subfertil ity after Cd administration might result from damage to supporting testicular tissue (Bench et al. 1999; Dixon et al. 1976 ). Elsewhere, Cd was also found to lead to the disruption of the blood-testis barrier (Chung and Cheng 2001; Wong et al. 2004) . Finally, Cd treatment of male rats led to a decrease in testicular and plasma testosterone levels (Amara et al. 2008) .
In the same way, oocyte development and associated events are disrupted by Cd adminis tration in several species. Rats show dose and agedependent toxicity in the ovaries, uterus, and cervix. Cd administration profoundly alters ovarian steroido genesis (Paksy et al. 1989 (Paksy et al. , 1997a (Paksy et al. , 1997b Piasek and Laskey 1994; Zhang et al. 2008 ) associated with a reduction in progesterone secretion. Similarly, exposure of cultured human (Paksy et al. 1997a ) and rat (Zhang and Jia 2007) ovarian granulosa cells to Cd causes a reduction in progesterone pro duction. Cd has also been shown to increase the rate of oocyte degeneration in sheep and impair oocyte maturation in sheep (Leoni et al. 2002) and pigs (Vrsanska et al. 2003) .
Only one study has been published on the effect of Cd on fetal gonads (Tam and Liu 1985) . In Cdexposed mice, the authors found reduced genital ridge size in addition to a retarded germ cell migration into the ridges, resulting in depleted germ cell populations, defective maturation of gametes, and subfertil ity in male offspring.
Despite the growing body of evidence of Cd's reproductive toxicity and data demon strating extensive human exposure, no studies have examined the effects of this environmental pollutant on human reproductive develop ment. The fetal stage is critical in the development of reproductive function because the number of germ cells formed during fetal life is related to adult fertility. In males, the two major func tions of the testis (i.e., gametogenesis and ste roidogenesis) take place during this period.
bacKgrOunD: Cadmium (Cd) is a common environmental pollutant and a major constituent of tobacco smoke. Adverse effects of this heavy metal on reproductive function have been identified in adults; however, no studies have examined its effects on human reproductive organs during development. Objectives: Using our previously developed organ culture system, we investigated the effects of cadmium chloride on human gonads at the beginning of fetal life, a critical stage in the development of reproductive function. MethODs: Human fetal gonads were recovered during the first trimester (7-11 weeks postconception) and cultured with or without Cd. We used different concentrations of Cd and compared results with those obtained with mouse fetal gonads at similar stages. results: Cd, at concentrations as low as 1 µM, significantly decreased the germ cell density in human fetal ovaries. This correlated with an increase in germ cell apoptosis, but there was no effect on proliferation. Similarly, in the human fetal testis, Cd (1 µM) reduced germ cell number without affecting testosterone secretion. In mouse fetal gonads, Cd increased only female germ cell apoptosis. cOnclusiOns: This is the first experimental demonstration that Cd, at low concentrations, alters the survival of male and female germ cells in humans. Considering data demonstrating extensive human exposure, we believe that current environmental levels of Cd could be deleterious to early gametogenesis. Androgens and insulinlike factor 3, produced by fetal Leydig cells, control the masculinization of the reproductive tract and genitalia (Jost et al. 1973; Kubota et al. 2002) . In females, the pool of primordial follicles at birth determines adult fertility, with the depletion of the oogonia stock inducing premature ovarian failure (Mazaud et al. 2002) .
In the present study we specifically focused on the effects of Cd on human fetal gonads. We used the fetal gonad organ culture system previously developed by our group coupled with morphologic, functional, and molecu lar methods (Lambrot et al. 2006a (Lambrot et al. , 2006b (Lambrot et al. , 2007 Livera et al. 2006) . Because the effects of in vivo Cd exposure have been described previously in mice treated prenatally with Cd (Tam and Liu 1985) , we used organ cultures of mouse gonads as our control.
We analyzed the effects of Cd on the development of germ cells in humans during the first trimester of pregnancy (7-11 weeks post conception). This early developmental period is critical for the determination of the reproductive tract in males (Welsh et al. 2008 ) and for female fertility. We first inves tigated the effects of Cd on pre meiotic female fetal germ cells and measured germ cell apop tosis, then analyzed the effects of Cd on the development of testicular germ cells.
Materials and Methods
Collection of human fetal testes. Human fetal gonads were harvested from material avail able after legally induced abortions in the first trimester of pregnancy (i.e., from the 7th until the 12th week post conception) in the Department of Obstetrics and Gynecology at the Hôpital Antoine Béclère, as previously described (Lambrot et al. 2006a (Lambrot et al. , 2006b ). None of the terminations were for reasons of fetal abnormality, and all fetuses appeared morphologically normal. The sex of the fetus was determined from the morphology of the gonads. Ovaries could be distinguished from testes because they are thinner and more closely associated with mesonephros, and a fine blood vessel was detectable on the testes at this fetal stage. In addition, seminiferous cords were visible inside the testes. The fetal age was evaluated by measuring the length of limbs and feet (Evtouchenko et al. 1996) . The fetus was dissected under a binocular micro scope, and gonads were removed aseptically and immediately explanted in vitro. We found gonads within the abortive material in only 20% of cases. The Hôpital Antoine Béclère Ethics Committee approved this study, and all women gave their informed consent.
Animals. NMRI mice (R. Janvier, Le Genet StIsle, France) were housed under controlled photo period conditions (light from 0800 to 2000 hours) and were supplied with commer cial rodent chow and tap water ad libitum. Males were caged with females overnight, and the day after an overnight mating was counted as 0.5 day post conception (dpc). Pregnant mice were killed by cervical dislocation on 12.5 dpc, and the fetuses were quickly removed from the uterus. Fetuses were dissected under a binocu lar microscope, and sex was determined based on the morphology of the gonads. Studies were conducted in accordance with the guidelines on the Care and Use of Laboratory Animals issued by the French Ministry of Agriculture (2003); animals were treated humanely and with regard for alleviation of suffering.
Organ cultures. Human and mouse gonads were cultured on MillicellCM Biopore mem branes (pore size 0.4 µm; Millipore, Billerica, MA, USA) as previously described (Habert et al. 1991; Lambrot et al. 2006a Lambrot et al. , 2006b Livera et al. 2006 ). The culture medium was Dulbecco's modified Eagle's medium/Ham F12 (1:1) (Gibco, Grand Island, NY, USA) supple mented with 80 µg/mL gentamicin (Sigma, St. Louis, MO, USA) and 15 mM HEPES. Gonads or pieces of gonads were placed on the membranes floating on 320 µL culture medium in tissue culture dishes and cultured at 37°C in a humidified atmosphere containing 95% air/5% carbon dioxide. Cadmium chloride (Sigma) was dissolved in water (1 M) and stored at -20°C. We measured the responses to Cd (0.1, 1, 10, and 50 µM) either by comparing one gonad cultured in medium containing Cd with the other gonad from the same fetus cul tured in control medium (mouse) or by com paring pieces of the same gonad cultured with or without Cd (human).
Culture protocols were optimized according to the species and sex of the gonads. For mice, intact 12.5 dpc gonads were placed on floating filters and cultured for 3-10 days. Each human gonad was cut into small pieces of the same size. For human testes, all pieces from the same gonad were placed on a membrane and cul tured for 4 days. For human ovaries, 4-5 pieces from the same gonad were placed on a mem brane and cultured for 8 days in the presence of fetal bovine serum (FBS; diluted 1:100). The medium was changed every 24 hr for testes and every 2 days for ovaries. In preliminary experi ments we investigated the effect of 1 µM Cd in fetal ovaries cultured with or without FBS (data not shown).The addition of FBS did not change the effect Cd in human (n = 2) and in mouse fetal ovaries (n = 3).
To determine cell proliferation, we added bromodeoxyuridine (BrdU; 30 µg/mL; 1%; Amersham Biosciences, Little Chalfont, Bucks, England) during the last 3 hr of culture. At the end of the culture, explants were fixed for 2 hr in Bouin's fluid and embedded in paraffin before being cut into 5µm sections.
Germ cell counting. We mounted serial sec tions on slides, removed the paraffin, and rehy drated the sections. For testes, we performed immuno histochemical assays for anti Müllerian hormone (AMH), as previously described (Lambrot et al. 2006a (Lambrot et al. , 2006b ), using an anti AMH polyclonal antibody (provided by N. Di Clemente). We then counted germ cells identi fied as AMHnegative cells within the seminif erous cords. For ovaries, we counted oogonia and oocytes in sections stained with hematoxy lin and eosin. The oogonia were identified by their characteristically large size and spherical or nearspherical shape. The interphase nuclei contained fine threads and two or more promi nent nucleoli, and the cyto plasmic membrane was clearly visible.
Counting was performed as previously described and validated for rodents (Lambrot et al. 2006a (Lambrot et al. , 2006b Livera et al. 2000a Livera et al. , 2000b Olaso et al. 1998 ) and humans (Guerquin et al. 2009; Lambrot et al. 2006a Lambrot et al. , 2006b Lambrot et al. , 2007 . For human gonads, we counted germ cells in 1 of 10 sections distributed equi distantly along the pieces of testis for the 7weekold fetuses and 1 of 20 sections for later stages. For mouse gonads, all germ cells present in 1 of 3 sections were counted. We multiplied the sum of the values obtained for the observed sections of one gonad by 10 or 20 for human testes of fetal ages 7 weeks or > 7 weeks, respectively, and by 3 for mouse gonads to obtain a crude count (CC) of germ cells per gonad. We then used the Abercrombie formula (Abercrombie 1946) , which uses the average measured diameter of the germ cell nuclei (D) and the thickness of sections (S) to correct for any double counting due to single cells appearing in two succes sive sections, to obtain the true count (TC): TC = CC × S/(S+D). For human fetal ovaries, germ cell density was measured by dividing the germ cell number by the area of the counted section, as previously described (Guerquin et al. 2009 ). At least 60 fields were counted from three different sections. All counts were carried out blind and were done using Histolab analysis software (Microvision Instruments, Evry, France).
Immunohistochemical staining for cleaved caspase-3 and caspase-9. Because caspase3 is involved in most apoptotic pathways (Omezzine et al. 2003) , we used its immuno detection to quantify the rate of apoptosis, as previously described (Delbes et al. 2004; Lambrot et al. 2006a Lambrot et al. , 2006b ). We used simi lar protocols to detect cleaved caspase3 and caspase9, an upstream activator of caspase3 in the mitochondrial apoptotic pathway. We mounted six sections on a single slide and heated the slide for 30 min in a permeabiliza tion solution (0.05 M Tris, pH 10.6). The pri mary antibodies-rabbit anti cleaved caspase3 Asp 175 (1/100; Cell Signaling, Beverly, MA, USA) and rabbit anti cleaved caspase9 Asp 353 (1/100; Cell Signaling)-were detected using biotinylated goat anti rabbit secondary anti bodies in 5% normal goat serum and avidinbiotin-peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA, USA). Peroxidase activity was visualized using 3,3´diaminobenzidine (DAB) as substrate. For negative controls for all immuno histochemical assays, the primary antibody was omitted.
Measurement of BrdU incorporation index. BrdU incorporation into proliferating cells was detected by immuno cyto chemistry, as previously described (Lambrot et al. 2006a (Lambrot et al. , 2006b Livera et al. 2000a ). The BrdU incorporation index was obtained by a blind counting of stained and unstained germ cell nuclei in all sections. At least 500 nuclei were counted for each experiment.
Testosterone radioimmunoassay. We mea sured the testosterone secreted into the medium in duplicate by radio immunoassay, as previously described (Habert et al. 1991) . No extraction or chromatography was performed because 17β hydroxy5αandrostan3one (DHT), the only steroid that significantly crossreacts with testos terone (64%), is secreted in minute amounts by the fetal testis (George et al. 1987) .
Statistical analysis. All values are expressed as mean ± SEM. For studies on proliferation or apoptosis, we evaluated the significance of the difference between mean values for treated and untreated testes from the same fetus using Wilcoxon's non parametric paired test (for small samples). For total germ cell number and den sity counting, the Student paired ttest was used because of the high variability in the number of germ cells between ages. Concerning testoster one secretion analysis, we used oneway analysis of variance to assess the significance of the differ ence in secretion evolution between control and treated testes during the 3 days of culture.
Results
Effect of Cd on female germ cells. After explan tation, we cultured human fetal ovaries for 8 days with various concentrations of Cd rang ing from 0.1 to 50 µM and then counted the number of germ cells. The six ovaries used in this study ranged in age from 7 to 11 weeks post conception and contained only oogonia. After 8 days, very few (< 0.5%) or no germ cells had initiated meiosis. In control medium, germ cell density was maintained at around 3,000 germ cells/mm 2 (vs. 2,420 ± 234, mean ± SEM; n = 4 before explantation at the same age). Concentrations of Cd ≥ 1 µM significantly and concentrationdependently decreased germ cell density ( Figure 1A,B) . At 50 µM, Cd fre quently induced large areas of necrosis, a phe nomenon not observed at lower concentrations.
Apoptosis was measured by immuno detection of cleaved caspase3 after cultur ing (Figure 2A ). Hardly any somatic cells were stained for cleaved caspase3 either in Figure 2B ). We assessed proliferation by BrdU incor poration ( Figure 2C ). In ovaries cultured in control medium, about onefourth of germ cells were strongly stained, whereas somatic cells tended to have a very low proliferation rate. Treatment with 0.1 and 1 µM Cd did not change the percentage of oogonia incor porating BrdU, nor did 10 µM Cd analyzed in one gonad (27.5% proliferation rate).
Mouse fetal ovaries were explanted on 12.5 dpc; at this stage, each gonad contained around 5,000 oogonia ( Figure 3A) . The gonads were then cultured with or without 1 or 10 µM Cd for 3 days, by which time, in control ovaries, the germ cell number was maintained and about 95% of the germ cells had initiated meiosis (mostly leptotena and zygotena stages). Treatment with 10 µM Cd almost fully extinguished the germ cell pop ulation, whereas 1 µM Cd induced a 26% decrease in germ cell number. No major change was observed in the distribution of meiotic stages in the presence of Cd (data not shown). After 10 days in culture with or without Cd, all germ cells started forming fol licles (data not shown). In control culture, the oocyte number then strongly decreased, with an estimated 1,000 follicles/ovary. After 10 days, 1 µM Cd had decreased the oocyte number to half that of controls.
Few apoptotic germ cells were detected by cleaved caspase3 staining in mouse fetal ova ries cultured in control conditions ( Figure 3B ). After 3 and 10 days in culture, 1 µM Cd had strongly and significantly increased the percentage of caspase3-positive germ cells (2.5 and 3.1fold, respectively). No BrdU incorporation assays were performed at these stages because meiotic cells had ceased prolif erating.
Effect of Cd on human fetal testes. Human fetal testes from 7 to 12 weeks of gestation were cultured for 4 days with or without Cd (0.1, 1, or 10 µM). Immunohistologic analysis of human testes revealed a decrease of about 20% in the total number of germ cells per testis after exposure to 1 µM Cd ( Figure 4A ). When we meas ured apoptosis by immuno detection of cleaved caspase3 after culturing, we observed a 2-8% increase in the apoptotic rate of germ cells ( Figure 4B ) but no change in their proliferation rate ( Figure 4C ), which remained at 30%.
To check the possibility of a concen trationdependent effect of Cd toxicity, we measured the rate of apoptosis in the germ cell lineage with increasing exposure to Cd ( Figure 4B ). With 0.1 µM Cd, the ratio of apoptotic germ cells was similar to that meas ured in controls; however, with 1 µM and 10 µM Cd we observed increases of 4 and 9fold, respectively, highlighting a concen trationdependent effect of Cd exposure on the male germ cell line. In the same way, mouse fetal testes (12.5 dpc) were cultured for 3 days in the presence or absence of 1 µM Cd. Immunohistologic analysis of testes showed no significant effect of the addition of Cd on either the total number of germ cells per testis ( Figure 5A ) or on the rate of apopto sis ( Figure 5B ) compared with the control.
Nevertheless, we observed a trend toward increased apoptosis in Cdtreated testes.
To test the effect of Cd on steroido genesis, human fetal testes (7-12 weeks of gestation) were cultured for 4 days with various con centrations of Cd. Testosterone secretion was measured every 24 hr in the culture medium by radio immuno assay and normalized to the first day. Secretion was not modified by exposure to Cd at any concentration (0.1, 1, or 10 µM) during the 3 days of treatment (Figure 6 ), nor was it affected in the mouse fetal testis (data not shown).
Discussion
The heavy metal Cd is a known environmental pollutant and is toxic to reproductive function in different species. In this study, we analyzed the direct effect of Cd on both human male and female reproductive function during fetal life. Our results provide the first demonstra tion that Cd decreases the germ cell popula tion in developing human gonads.
We used an organotypic culture system developed in our laboratory that has already proven efficient in assessing the toxicity of ionizing radiation and phthalates (Guerquin et al. 2009; Lambrot et al. 2007 Lambrot et al. , 2009 ). We have thus demonstrated that Cd directly affects human male and female fetal gonads during the first trimester of pregnancy. We have shown that concentrations of Cd as low as 1 µM decrease human germ cell number. This indicates that fetal germ cells are highly sensitive to Cd exposure. In many other human cell types, such as hepatocytes and neuroblastomal cells, Cd triggers deleteri ous effects only at concentrations > 100 µM (Gulisano et al. 2009; Lasfer et al. 2008) . Our observation of a high sensitivity of developing germ cells is highly relevant because 1 µM is only 10-20 times higher than the envi ronmental level of Cd (Satarug and Moore 2004) . Moreover, 1 µM Cd decreased fetal germ cell number in only 3 days, whereas the development of human fetal germ cells spans several months. Nevertheless, it should be noted that in vivo, Cd is usually bound to serum components such as albumin and met allothionein, whereas in our in vitro model, the tissues were exposed to Cd under serum free conditions (testes) or with very little serum (1% for ovaries).
We demonstrated that Cd decreases both male and female germ cell populations in human fetal gonads. However, when using the same in vitro model to assess the effect of Cd in mouse gonads, we observed a similar effect only in mouse ovarian germ cells. Mouse tes ticular germ cells, on the other hand, seemed unaffected while their rate of apoptosis tended to increase. This difference may be due to a specificity of mouse fetal germ cells that grad ually enter mitotic arrest between 12.5 and 14.5 dpc. This quiescence phase is not seen in human germ cells, and we and others have already reported that these resting cells display very little apoptosis (Lambrot et al. 2006a (Lambrot et al. , 2006b (Lambrot et al. , 2007 . Altogether, we noted an effect of Cd in human male and female gonads between the 7th and the 12th week post conception and in 12.5 dpc mouse female fetal gonads, with highly mitotic germ cells observed in all stages. We thus hypothesized that Cd mostly affects fetal germ cells during active proliferation. These in vitro effects of Cd in mouse and human fetal gonads fit well with the previously described in vivo effects of Cd in mice (Tam and Liu 1985) . Although this group also reported germ cell depletion in mouse fetal testes, this slight discrepancy may be due to differences in the treatment proto col. We cannot, however, exclude the pos sibility that the lack of Cd effect observed in mouse testes could be due to an insensitivity of our mouse strain. Indeed, it has been dem onstrated that Cd toxicity can vary depending on the strain (Dalton et al. 2005) .
We showed here that Cd decreases fetal germ cell number by increasing apoptosis with out altering germ cell proliferation. This activa tion of the apoptotic pathway is highlighted by the increased rate of cleaved caspase3-and caspase9-positive germ cells. In the same way, Cd exposure has been reported to induce apoptosis in a primary rat Sertoli cellgonocyte coculture system (Yu et al. 2008) . Moreover, the intrinsic (mitochondrial) path way is incriminated in Cdinduced apoptosis Relative testosterone secretion (% of first day)
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volume 118 | number 3 | March 2010 • Environmental Health Perspectives in many cell types, including C6 rat glioma cells (Watjen et al. 2002) . We recently demon strated that germ cells displayed a sexspecific response to ionizing radiation at stages similar to those used in the present study (Guerquin et al. 2009 ). Interestingly, although we used a slightly different protocol for culturing testes and ovaries, we observed an almost identical response to Cd in terms of germ cell apoptosis. This would tend to indicate that in germ cells, Cd acts differently from other DNAdamaging agents such as radiation. In addition, Cd has been shown to impair the DNA repair machin ery in several cell lines (Giaginis et al. 2006) , leading us to consider that such an effect may be the cause of the high sensitivity of prolif erating germ cells. Such an effect would also be seriously deleterious for meiotic cells, and indeed we observed that Cd also induced apop tosis in meiotic cells as it also decreased the number of mouse oocytes after meiotic initia tion ( Figure 3A ). For both males and females, the rate of cas pase3-positive germ cells related to Cd expo sure was concentration dependent, with the first significant effect starting with concentrations of 1 µM. Interestingly, 1 µM Cd had no obvi ous effect on the other gonadal cell types, and the human fetal gonad somatic cells showed no signs of apoptosis. More specifically, in the human testis neither the functioning of Sertoli cells, as revealed by AMH staining, nor that of Leydig cells, as studied via their testosterone production, appeared to be altered by 1µM Cd treatment. This indicates that Cd probably tar gets fetal germ cells directly. The direct effect of Cd on isolated human germ cells remains to be determined. Although we report that Cd does not alter testosterone secretion in human or mouse fetal testes, we cannot exclude a possible endocrinedisrupting role of Cd as observed in other vertebrate species. This does, however, appear unlikely, as we and others have been able to show the alteration of rodent testicu lar testosterone secretion by endocrine disrup tors (such as diethylstilbestrol) in organ culture (Lassurguere et al. 2003) .
In vivo, depletion in the number of germ cells observed in mouse fetal gonads after Cd exposure (Tam and Liu 1985) leads to a defect in germ cell maturation in both sexes and subfertility in males. Although our data rely on an in vitro model, the only approach ethically possible with human gonads, one could reasonably hypothesize that similar effects would occur in humans in vivo. Thus, effects on female gonads require specific and serious consideration because all female germ cells initiate meiosis during fetal life, giving rise to the definitive stock of oocytes that can not be renewed later during post natal life. Therefore, any decrease in female fetal germ cell number may decrease the reproductive life span. In agreement with this notion, we report here that mouse fetal ovaries treated with Cd displayed a reduced stock of follicles after a 10 day culture.
Altogether, our data indicate that human fetal germ cells are highly sensitive to Cd and undergo rapid apoptosis after exposure to low concentrations similar to those occurring in the environment. Our study indicates that both female and male germ cell lineages are roughly equally sensitive to Cd and raises serious con cerns about the in vivo effects of Cd on human reproduction. Until now, no direct link between Cd exposure during fetal life and subfertility in adulthood has been reported in humans. Relevant future epidemiologic and clinical stud ies should be made a health priority.
